This experiment was conducted to study the effects of orally administered carvacrol essential oils on immune response and inflammation-related genes expression in broilers challenged by lipopolysaccharide (LPS). Eighty 28-day-old (1.28 ± 0.15 kg) ROSS 308 broilers were assigned to a 2 × 2 factorial arrangement of treatments (20 pens of 1 chick/trt). Factors were carvacrol essential oil (orally administered or non-orally administered) and LPS (challenged or non-challenged). Individually housed broilers were randomly assigned (n = 20 broilers per treatment: 10 males and 10 females) to four treatments: (1) basic diet (CTR), (2) basic diet + carvacrol (CAR), (3) basic diet + LPS-challenge (LPS), (4) basic diet + carvacrol + LPS-challenge (CAR+LPS). All were fed with the same diet. The experimental period was for 15 d, after which injecting LPS significantly up-regulated the gene expression levels of TNF-α (P < 0.05), IL-1β (P < 0.05), IL-6 (P < 0.05), IL-8 (P < 0.05), TLR2 (P < 0.05), TLR4 (P < 0.05), NF-κB p65 (P < 0.05), AVBD-9 (P < 0.05), and SIgA(P < 0.05) compared with the CTR group; the broilers were challenged by LPS after oral administration of carvacrol, they had significant lower on the gene expression levels of TNF-α (P < 0.05), IL-1β (P < 0.05), IL-6 (P < 0.05), TLR4 (P < 0.05), NF-κB p65 (P < 0.05), and AVBD-9 (P < 0.05) than the LPS group. In conclusion, the broilers orally administrated carvacrol essential oils inhibited the secretion of inflammatory cytokines caused by LPS, affected the pathway of TLRs/NF-κB, and showed an anti-inflammatory function.
INTRODUCTION
As the use of antibiotic feed additives has been discontinued or reduced in certain countries in the animal husbandry industry, the search for new growthpromoting alternatives to antibiotics has been and will continue to be a hot area of research for several years. Essential oil is a mixture that including alcohols, aldehydes, acids, phenols, terpenes, and acetone. Moreover, some laboratory studies have shown that essential oils, extracted from Thymus species, have antimicrobial and antioxidant functions (Zygadlo et al., 1995; Dapkevicius et al., 1998; Cosentino et al., 1999; Dorman and Deans, 2000) , while others, extracted from Mentha species, have anti-inflammatory and antinociceptive functions (Arumugam et al., 2008; Amabeoku et al., 2009; Mogosan et al., 2017) .
Lipopolysaccharide (LPS), also known as endotoxins, are vital component of cell wall of most Gram-negative bacteria. They are harmful and can interact with host effector cells causing immunological stress reaction in the body (Tran and Whitfield, 2009) . Intestinal endotoxemia occurs when LPS enter the blood from the gut resulting in febrile reaction and leukocyte reactions and, in severe cases, may even cause septic shock. LPS, whether it is endogenous or exogenous, can activate the immune system which can resist the damage caused by foreign pathogens in the body. However, if the immune system is activated excessively, the immune stress can be resulted. Immune stress is mainly caused by inflammatory cytokines, such as tumor necrosis factor-alpha (TNF-alpha), interleukin-1 (IL-1), and interleukin-6 (IL-6) when released excessively in the body (Johnson, 1997; Jacobi et al., 2006) .
The hypothesis for this study was that oral administration of carvacrol may inhibit the secretion of inflammatory cytokines and attenuate immune stress caused by LPS because carvacrol show an anti-inflammatory 2026 function in pharmacy and mice or rats. The purpose of this study was to evaluate the in vivo effects of an oral administration of carvacrol essential oils on broiler immune responses and inflammation-related genes expression after LPS injection.
MATERIALS AND METHODS
The experimental protocols describing the management and care of animals were reviewed and approved by the Animal Care and Use Committee of Chungbuk National University.
Experimental Animals and Treatment
Eighty 28-day-old (1.28 ± 0.15 kg) ROSS 308 broilers were assigned to a 2 × 2 factorial arrangement of treatments (20 pens of 1 chick/trt). Factors were carvacrol essential oil (orally administered or non-orally administered) and LPS (challenged or non-challenged). Individually housed broilers were randomly assigned (n = 20 broilers per treatment: 10 males and 10 females) to four treatments. Broilers were raised in a temperature-controlled room maintained at 24 ± 1
• C. The relative humidity was approximately 50 ± 5%. The four treatments were as follow:
CTR : Basaldiets + Distilledwater + Saline CAR : Basaldiets + Carvacrolessentialoils + Saline LPS : Basaldiets + Distilledwater + LP S CAR + LPS : Basaldiets + Carvacrolessentialoils +LP S The broilers were fed the same diet throughout the 15-d experimental period. The basal diet was a kind of commercially available complete formula granulated feed which was supported by AT feed Company (Cheonsju, South Korea) and it met or exceeded the recommended nutrient contents according to NRC (1994) for broiler (Table 1) . Two groups (CTR and LPS) were received oral administration of 200 μL distilled water and other groups (CAR and CAR+LPS) were received oral administration of 200 μL carvacrol essential oils (containing 63.5% carvacrol, 3.4% thymol, and 13.1% paracymene; Thyme Red Ct. Carvacrol, Skin-mate Corporation, Bucheon, Republic of Korea) at 18:00 every day, respectively. One person is responsible for binding the broiler, one hand of another holds the broiler's head whose thumb and forefinger are on either side of the beak, slightly uplifts broiler's head. The thumb and forefinger gently press to open the beak, the other hand holds a pipette (Eppendorf, Germany), the tip comes into the beak from the lip, and then injects the liquid into its beak slowly. On the 15th day, intramuscular injection of 500 μL/kg body weight Salmonella enterica LPS (Sigma-aldrich Inc., St. Louis, USA) were conducted in LPS and CAR+LPS group, 500 μL/kg body weight saline for CTR and CAR group.
Sample Collection
After injecting LPS or saline for 2 h, 10 birds (five male and five female) from each treatment group were euthanized by an intravenous injection of pentobarbital, using cervical dislocation to confirm its death. Approximately two sections of 2 cm in length were removed from the proximal upper small intestine. The intestinal mucosa was prepared by the published method according to Gnoth et al. (2000) . The mucosa was gently scraped off the underlying muscular tissue by using a glass slide; and stored at deactivation centrifuges tube, snap frozen in liquid nitrogen, and stored at -80
• C for analyzing RNA extraction.
Gene expression
Total RNA was isolated from small intestine tissue samples using an Dynabeads mRNA Direct Kit (ThermoFisher Scientific Korea Ltd, Seoul 0,6177; Republic of Korea). Isolated RNA concentration and quality were later checked using a DS-11 spectrophotometer (DeNovix, USA). Purity of the RNA was verified by measurement of absorbance ratios at 260/280 and 260/230 nm, with ratios of approximate 2.0 indicating purity. Once RNA concentration for all samples were 
determined, 10 μL of sample was diluted with RNasefree water to givea final concentration of 100 ng/μL. Confirmation of this final concentration was achieved using the DS-11spectrophotometer. Synthesis of singlestranded complementary DNA (cDNA) from total RNA was performed using a Experss 1st Strand cDNA Synthesis System Kit (LeGene Bioscience Ltd, CA 92,121, USA). Each reaction was performed in duplicate: one containing the reverse transcriptase enzyme (+RT) and one where the enzyme was substituted with nucleasefree water (-RT). Another negative control was used in which total RNA was replaced by 3 μL nuclease-free water. This was intended to control any genomic contamination in the RNA samples as well as other reaction components. Each reaction consisted of 3 μL total RNA, 1 μL random primer, 8 μL nuclease-free water, 4 μL 5X reaction buffer, 1 μL RiboLock RNase Inhibitor, 2 μL deoxynucleotide triphosphate (dNTP) mix, and 1 μL RevertAid Reverse Transcriptase, for a total reaction volume of 20 μL. Reactions were run in a 96 well plate that was sealed with a film and placed into an Eppendorf Mastercycler Gradient thermal cycler. Conditions for reverse transcription were set for random hexamer primed synthesis, whereby samples were incubated at 25
• C for 5 min, followed by 42 • C for 60 min. The reaction was terminated by heating the samples to 70
• C for 5 min. The resulting cDNA products were stored at -20
• C. Quantitative PCR of cDNA samples was performed using an Applied Biosystems StepOne Real-time PCR system with the primer set listed in Table 2 (Bioneer R&D Center, Gyeonggi-do, 13,488, Republic of Korea). PCR plates (Applied Biosystems MicroAmp R Fast Optical 48-Well Reaction Plate, 4,375,816) were designed to assay 4 +RT samples, including a sample from treatment group 1(control sample). Each reaction was run in triplicate for each gene. PCR was also run on the RT samples and a no template control (NTC) in which cDNA was replaced with nuclease-free water, to check any contamination in the PCR components. The cDNA was diluted in the proportion to 1:3 with nuclease-free water to lower template concentration and to ensure there was enough samples for any repeats. A mastermix for each gene was made which consists of 200 μL GoTaq qPCR Mastermix (Promega UK Ltd; A6001), 4 μL gene specific forward primer, 4 μL gene specific reverse primer, and 141.2 μL nuclease-free water. This mix wasthen pulse centrifuged for 10 s using a Thermo Scientific Espresso centrifuge. Into the appropriate wells, 18 μL of this mastermix and 2 μL cDNA were added. PCR was performed under the following conditions: 95
• C for 10 min and 40 cycles with 95
• C for 15 s and 60
• C for 1 min. A melt curve was produced at the end of the run to determine single product amplification. The comparative Ct method, also known as the "deltadelta Ct" method, was used to quantify qPCR results. Fold change in gene expression was then calculated and averaged for the three replicates:
Statistical Analysis
All data was analyzed by variance (ANOVA) using SPSS 22.0 (SPSS Inc., Chicago, IL, USA). Differences among groups were determined using Duncan's multiple-range test. The data was presented as Mean ± SD and illustrated in figures, and the differences between treatments are considered statistically significant if P < 0.05.
RESULTS
Fold changes in the expression of inflammationrelated genes are illustrated in Figure 1 . Oral administration of carvacarol essential oils did not affect the inflammation-related genes expression of IL-1β (P > 0.05), IL-6 (P > 0.05), IL-8 (P > 0.05), and TNF-α (P > 0.05) compared with the CTR group. However, injecting LPS significantly increased the gene expression of IL-1β (P < 0.05), IL-6 (P < 0.05), IL-8 (P < 0.05), and TNF-α (P < 0.05) compared with the CTR group. The oral administration of carvacrol essential oils with an LPS-challenge showed a significant decline on the gene expression of IL-1β (P < 0.05), IL-6 (P < 0.05), and TNF-α (P < 0.05) compared with the LPS group.
Fold change in the expression of the path way of TLRs/NF-κB65 are illustrated in Figure 2 . Oral administration of carvacarol essential oils did not affect the gene expression of TLR-2 (P > 0.05), TLR-4 (P > 0.05), and NF-κB65 (P > 0.05) in comparison with the CTR group. Injecting LPS significantly increased gene expression of TLR-2 (P < 0.05), TLR-4 (P < 0.05), and NF-κB65 (P < 0.05) in comparison with the CTR group. Oral administration of carvacrol essential oils with an LPS-challenge showed a significant decline on the gene expression of TLR-4 (P < 0.05) and NF-κB65 (P < 0.05) when compared with the LPS group.
Fold change in the expression of AVBD-9 is illustrated in Figure 3 . No significant differences were noted between the CTR group and the CAR group on the gene expression of AVBD-9 in the small intestine of broilers (P > 0.05). However, injecting LPS increased the gene expression of AVBD-9 in the small intestine of broilers when compared with the CTR (P < 0.05) and the CAR group (P < 0.05). Oral administration of carvacrol essential oils with an LPS-challenge showed a significant decline on the gene expression of AVBD-9 (P < 0.05) compared with the LPS group.
Fold change in the expression of SIgA is shown in Figure 4 . No significant differences (P > 0.05) were noted between the CTR group and the CAR group for gene expression of SIgA in the intestine of broilers. However, injecting LPS significantly increased the gene expression of SIgA in the intestine of broilers when compared with the CTR (P < 0.05) and the CAR group (P < 0.05). Oral administration of carvacrol essential oils with an LPS-challenge did not affect the gene expression of SIgA (P > 0.05) compared with the LPS group.
DISCUSSION
The inflammatory cytokines, such as TNF-α, IL-1β, IL-6, and IL-8, for example, are mainly involved in the inflammatory response (Oda et al., 2005) . 
Figure 3. Effects of oral administration of carvacrol essential oil on gene expression of AvBD-9 in small intestine of broilers challenged by LPS (n = 10, mean ± SD).
TNF-α is the earliest and most important inflammatory mediators that appears in the process of inflammatory response, the major source of TNF-α is the cells of monocyte/macrophage lineage although T lymphocytes, neutrophils, and mast cells also produce this pro-inflammatory cytokine.; IL-1β is an important pro-inflammatory cytokine with a relevant role in the inflammatory disorders, it is produced by a variety of cells types, including monocytes, macrophages, fibroblasts, and endothelial cells (Dung et al., 2009 ). IL-6 is a pro-inflammatory cytokine produced in early phase of inflammation when immunocompetent cells were stimulated by TNF-α (Oda et al., 2005) . IL-8 stimulates the chemotaxis of neutrophils, T lymphocytes, and eosinophils, and promotes neutrophils degranulation, which damages endothelial cells (Sprague and Khalil, 2009) . This study had shown that injecting LPS increased the gene expression of inflammatory cytokines (TNF-α, IL-1β, IL-6, and IL-8), and these results implied that LPS caused inflammation in the broilers.
Toll like receptor (TLR) is an important recognition receptor during inflammatory response, TLR2 has an extensive recognition ability, and plays an important role in acute or chronic intestinal infection and immune response caused by bacterial pathogens; TLR-4 can recognize gram-negative bacteria, and is the primary receptor of LPS (Akira et al., 2001) . The NF-κB frequently occurs as dimers (p65-p50), the resting NF-κB combine with an inhibitive protein IκB generating a trimer (p65-p50-IκB) which exists in the cytoplasm as an inactive form. When LPS invades the intestinal cells of the body, it can combine with TLR-4 in the outer membranes to activate the NF-κB pathway through pathogen-associated molecular pattern (PAMP). At this point, the IκB is phosphorylated and degraded by IκB kinase (IKK), which separates IκB from NF-κB (Hayden and Ghosh, 2008) . Subsequently, the activated NF-κB is translocated into the nucleus to activate the genic translation and expression of inflammatory mediators, such TNF-α, IL-6, and IL-1β (Ardizzone and Bianchi, 2005) . That is the pathway of TLRs/NF-κB, a classic and important signaling pathway involved in the immune and inflammatory response. This study found that injecting LPS stimulated secretion of TLR-2, TLR-4, and NF-κB p65, thus, we inferred that the LPS activated the pathway of TLRs/NF-κB.
AvBD-9, which is an important antimicrobial peptide that is widely existing in the mucous membranes of the gastrointestinal tract and the skin of chickens and plays an important role in the anti-infection immunity of the bowel. A previous study has reported that the Gal-6, renamed it as AvBD-9 (Lynn et al., 2007) , has some transcription factor binding sites in its genic promoter field including NF-κB, activator protein 1 (AP-1), and nuclear factor interleukin 6 (NF-IL-6), and also reported that some antimicrobial peptides gene expressions are induced by NF-κB, thus indicated that the AvBD-9 has the characteristics of inducing expression (Kaiser and Diamond, 2000) . In the current study, injecting LPS resulted in an increase of the expression of AvBD-9 in the small intestine.
The gut, the largest immune organ in the animal body, has the dual task of immune defense and antigen resistance. The intestinal immune system is mostly made up of gut-associated lymphoid tissue (GALT) the largest lymphoid organ as well as an important mucosaassociated lymphoid tissue. The GALT is composed of organized lymphoid tissues termed Peyer's patches (PP), the epithelium, lamina propria (LP), and the mesenteric lymph nodes (Kaminogawa et al., 2010) . The main effector molecule of the intestinal immune response system is secretory immunoglobulin A (SIgA), which is secreted by plasma cell. Integrated with antigens, SIgA can prevent viruses, bacteria, or some harmful antigen from adhering to the intestinal epithelial, thereby promoting intestinal humoral and cellular immunity. In the present study, the oral administration of carvacrol essential oils to broilers showed a decreased gene expression of SIgA in the intestinal mucosal; however, no statistically significant difference was found. A previous study showed that essential oils, comprising thymol and carvacrol, can lower the concentration of SIgA in the ileum when compared with a basal diet (Sun et al., 2015) . The LPS, whether exogenous or endogenous, has an antigen characteristic that can trigger the immune response in the body. In the present study, injecting LPS produced an immune response as well as inflammation in the intestine. The sudden increase in SIgA gene expression in the intestine implies that there was an inflammation, or the intestine was invaded by pathogens. The LPS incited production of intestinal immune responses, which resulted in an incremental amount of SIgA secretions.
In the current study, when broilers were challenged by LPS after oral administration of carvacrol essential oils for 15 d, the results have shown that the carvacrol inhibited the secretion of inflammatory cytokines (TNF-α, IL-1β, and IL-6) and reduced the gene expression of TLR4 and NF-κB p65. These results indicated that carvacrol could be affect the phosphorylation level of IκB (Kim et al., 2013; Liang et al., 2014) , or reduce the IKK protein expression , thus it affected the gene expression of TLR4 and NF-κB p65. We have speculated that the carvacrol essential oils inhibited the expression of TNF-α, IL-1β, and IL-6 through affecting the gene expression of NF-κB as well as affected AvBD-9. Moreover, Mitogen-activated protein kinases (MAPKs) signal transduction pathway includes three major members that extracellular signal-regulated kinases(ERKs), c-Jun NH2-terminal kinases (JNKs), and p38 MAPK, they can regulate the cytokine production in inflammatory reactions (Kyiakis and Avruch, 2012). Researches indicated that thymol and cinnamaldehyde can reduce the phosphorylation level of ERK, JNK, and p38 when the inflammation response occurs (Chao et al., 2008; Liang et al., 2014) . We have also speculated that the carvacrol may regulate the inflammatory cytokines through the pathway of MAPK.
CONCLUSION
Injecting LPS leaded to an immune and inflammatory response in broilers, which manifested as increased expressions of inflammatory cytokines (TNF-α, IL-1β, IL-6, and IL-8), AvBD-9 and SIgA, and activated the pathway of TLRs/NF-κB. Oral administration of carvacrol essential oils inhibited the expression of TNF-α, IL-1β, and IL-6, reduced the expression of NF-κB, thus the carvacrol essential oil has shown an antiinflammatory function to resist the LPS-challenge in broilers, which affects the pathway of TLRs/NF-κB to inhibit the secretion of inflammatory cytokines.
